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Abstract
Metallic inks are in widespread use in the graphic arts industry, but there currentiy
is no way to "put a
number"
onmetallic gloss. Process-control methods, such as
densitometry, which analyzes how light is absorbed into the ink layer, are not usable for
metallics, since hardly any light gets absorbed. In addition, it is very difficult to see visual
differences when the ink film thickness crosses a certain threshold.
Dr. JonathanArney at the Chester F. Carlson Center for Imaging Science at
Rochester Institute ofTechnology (RTT) has been using a micro-goniophotometer for
analyzing paper gloss on a microstructure level, and in this exploratory research, the device
was used to analyze metallic prints. Two sets ofmeasurements were made to determine the
device's tolerance and range. In the first experiment, two very different samples visually
were measured to determine if the device can detect the difference. The second experiment
consisted ofmeasuring two visually similar samples to determine if the device can detect
this small visual difference.
The results showed that the device can detect the large visual difference in the first
experiment, the difference was observable in the gloss images, as well as in the numerical
data. In the second experiment, a small difference was detected; however, without repeated
measurements, there was no way to rule out the difference being caused by experimental
factors and noise. Overall, the results showed that the micro-gomophotometer can be used
to analyze metallics; the results also indicated that further study in this area is justified.
vin
Chapter 1
Introduction
The use ofmetallic inks introduces a challenge to print process control, since
"traditional"
process control methods, such as densitometry, which analyzes how the ink
film absorbs light are not useful. This is because the pigment particles inmetallic ink are
like tiny mirrors that reflect tight; thus, hardly any light is absorbed.
Visually, it is possible to see differences inmetallic prints when varying pigment
size and ink film thickness, but there is no way to "put a on the metallic
properties. Even for the most skilled press operator, visual judgment alone is not good
enough for proper process control. Changes in ink settings at very low ink film levels are
easy to detect visually, but once enough metallic particles are transferred to cover the
whole surface, adding more ink hardly changes the appearance of the print. Having a way
to detennine this thresholdwould help prevent using more ink thanwhat is needed and
would increase cost-efficiency, and prevent problems caused by thick ink film layers.
In addition to finding ameasure of this threshold, another area of interest is to find
a way to numerically characterize the
"metallicness"
ofmetallic prints. Metallic prints are
often coated with a lacquer to protect the metal particles from rub-off and to add additional
gloss; this additional gloss makes it evenmore difficult to detect what gloss is metallic in
nature and what is only specular surface gloss from the coating. The coating thus takes
away some of the metallic shine; to avoid this effect, sometimes metallic pigments are
mixed into the lacquer itself as well (Lenz, 2005). This, in turn, makes it evenmore
difficult to analyze the metallic gloss of the actual ink layer beneath the coating.
Rosenberg (2001) has developed a methodology for analyzing metallic gloss using
a spectro-goniometer, using the device to analyze the color of gloss. Rosenberg's method
can be used to differentiate between copper and gold gloss, because their gloss has a color
component to it It cannot be used to analyze silver because silver has no apparent color,
thus having different spectral properties than copper and gold Rosenberg'smethod uses
two dimensions to characterize metallicness: the spectral component and the gloss.
A micro-goniophotometer can be used to approachmetallicness in a different way,
analyzing the gloss component at themicrostructural level. The researcher was unaware of
any other research done on analyzing metallic gloss using a micro-goniophotometer; thus,
the results of this research were unpredictable. The prospect of doing new researchwas a
bigmotivator. If a micro-goniophotometer could be used to characterize metallicness and
metallic gloss at a particle level, itmight help in the development of new tools for process
control.
The researcher became interested in this topic inMay 2006 after discussions with
Professor Franz Sigg. The researcher did not have thatmuch prior knowledge of the topic,
but the idea of doing fundamental experimental research was very appealing. Also,
working with metallic prints is visually more pleasing and interesting than working with
conventional prints.
Chapter 2
Theoretical Basis
Understanding the mathematical basis and the optics ofhow tight reacts with
substrates is important when attempting to interpret the data from the micro-
goniophotometer.
Measuring Reflected Light
There are two kinds of reflected light: specular and bulk. Specular light is the light that
reflects at an interface betweenmaterials of different refractive indexes. Bulk tight
penetrates the substrate, undergoes multiple scattering events inside the substrate, and re-
emerges at a random angle. Specular light is only detected at the specular angle, which is
equal to the angle of entry, as shown in Figure 1. Bulk reflected tight re-emerges the bulk
of thematerial in a random direction after being penetrated to the bulk of thematerial and
having gone throughmultiple scattering events inside thematerial (Arney, 2006a). Figure 2
illustrates the bulk reflected tight effect for a single ray.
Figure 1. Specular reflected light
(Source: Arney, 2006a)
Figure 2. Bulk reflected light for a single ray
(Source: Arney, 2006a)
For most objects, both kinds of reflecting take place simultaneously. If the object
surface is smooth and "shiny" it is very easy to tell the specular and the bulk component
apart, because the specular component is relatively much stronger, as shown in Figure 3.
Figure 3. Both specular and bulk reflection take place
(Source: Arney, 2006a)
Specular light can be described as
"gloss,"
and it can be explained by Fresnel's
laws, which can calculate the fraction of light that gets reflected at the surface and the
fraction of light that gets transmitted into the medium. (Arney, 2006a). According to
Georgia State University (2006), "Fresnel's equations describe the reflection and
transmission of electromagnetic waves at an interface. That is, they give the reflection and
transmission coefficients for waves parallel and perpendicular to the plane of incidence."
Figure 4 illustrates the reflection geometry and terrninology used in Fresnel's law.
Incident
light
Figure 4. Reflection geometry and terms
(Source: Georgia State University, 2006)
In Figure 4 II stands for parallel and -1- for perpendicular. The reflection r and
transmission t coefficients are calculated with the following equations, where
"pa"
stands
for parallel,
"pe" for perpendicular and Q and ft stand for the angles of incidence and
transmission, respectively. Here,
"parallel"
means parallel to the plane of incidence, and
"perpendicular"
means perpendicular to the plane of incidence, or in otherwords, parallel
to the interface, as illustrated in Figure 4.
r =
tan (0-01)
r =____!!<__!__ (1)
" tan (ft+0,) " sin (0,4-0,)
2sin0.cos0f 2sin0.cos0. ...
t = t = - (2)
"
sin(0,+0,) cos (0,-0,) " sin(01+0,)
The values obtained using these formulas are fractional amplitudes, and these
values must be squared to get fractional intensities. Due to conservation of energy and no
light being
"lost" in the process, the following relationship applies to both the
perpendicular and the parallel cases:
, ,n9cos0,
r+t i=l (3)
njcos0j
Here, n2 is the refractive index of the medium that the tight penetrates into, and nj is
the refractive index of the medium where the tight comes from. By squaring the value
gotten from, for example, r^ the result is the fraction of tight that is reflected in the parallel
direction. Subtracting this result from 1, the result is the fraction of tight that is transmitted
in the parallel direction (Georgia State University, 2006). These equations show that tight
is either reflected or transmitted, and in this research the behavior of tight with metallic
surfaces is looked into inmore detail.
In order to obtain a reflected tight reading across all angles of the sample surface,
three approaches can be taken. The firstmethod is to move the tight source across the
sample surface while keeping the camera, or the instrument that captures the tight,
stationary. The second method is to move the camera across the surface, keeping the light
source stationary. The thirdmethod is to keep the tight source and the camera stationary,
and to wrap the sample around a round cylinder, so that a large range of angles are
captured in a single image by the camera (Arney, 2006a).
Bi-directional Reflection Distribution Function
When the surface radiance is measured at all possible angles, the result is the Bi
directionalReflection Distribution Function, or BRDF. When the BRDF diagram is
examined, the spike represents the specular component of the reflected tight and the
remainder of the area under the curve the bulk reflected tight The total area under the
curve is the total reflected light (Arney, 2006a). A sample BRDF curve with the different
parameters is shown in Figure 5.
C
Angle
Figure 5. Sample BRDF curve
(Source: Arney, 2006b)
The shape of the BRDF can be interpreted as a measure of the topographic
properties of the surface, making the measurement similar to that of a profilometer. The
difference is that a profilometer measures the height and variation of the surface, while a
micro-goniophotometermeasures the surface topography optically in terms of angular
variation in the angle of the reflected tight. Themetrics, such as curve height and curve half
width, can also be analyzed for extra significance (Arney, 2006b).
Polarization
Light is an electromagnetic wave and the electric force field thatmakes up the wave
can vibrate up and down (in the vertical plane), from side to side (in the horizontal plane),
or in an intermediate direction that is in between the horizontal and vertical planes. This
kind of wave is also called a transverse wave, because the wave vibrates perpendicular to
the direction ofpropagation. Ordinarily a ray of tight consists of amixture ofwaves
vibrating in different directions. If the tight only vibrates in one direction, this tight is
polarized. (Anon, 2004;Murphy, Spring & Davidson, 2007)
A polarizing filter only lets tight with a certain vibrating plane pass through. By
placing two filters crossed, i.e. at 90 degree angles, this stops all tight from passing
through. (Murphy et. al, 2007) This is illustrated further in Figure .
Polarizer 1
(Vertical)
Incident Beam
(Unpolarized)
Polarizer 2
(Horizontal)
Vertically
Polarized
Light Wave
Figure 6. Basic principle ofpolarizing filters
(Source: Murphy et. al., 2007)
In this study polarizing filters are used to tell apart bulk and specular reflectance.
Specular reflected tight (Figure 1) maintains its polarization characteristics when being
reflected off the surface, while the polarization ofbulk reflected light (Figure 2) changes
after re-emerging from the substrate. When two polarizing filters are crossed, no tight gets
through, unless the tight gets depolarized or changes polarization while being between the
two filters.
Chapter 3
Review of the Literature
Studying metallic ink behavior requires knowledge of metallic ink properties and
manufacturing. Knowing how and where metallic inks are used helps understand what kind
of behavior is expected of the inks. Process control and colormanagement are discussed
briefly to give related background information to discussing the special requirements of
process control with metallic inks.
Metallic Pigments
Materials
Aluminum, copper, and zinc are the most commonmetals used inmetallic pigment
manufacturing. Aluminum has no inherent color; it is used for silver effects, as well as for
mixing with other colors to create, for example, metallic blue. Copper is used to generate
the color bronze, and bymixing copper with zinc, various shades of gold can be achieved.
Whenmixing copper and zinc in the proportion 90: 10, the result is a reddish-yellow gold;
themore zinc is added, the more yellowish the gold becomes. The proportion 70:30 results
in greenish-yellow gold (Eckart, 2006b). The raw materials used for pigments have
fluctuating price trends, partly due to the rising price of oil. The prices for copper and
aluminum can fluctuate as much as 15% percentwithin a period of two months, and when
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looking at a longer time span, the price of copper has gone up nearly 200% (Tonbridge,
2006).
Technology andManufacturing
Conventional Metallic Pigments. The process begins withmelting metal pellets and
then spraying the moltenmass under high pressure so that the moltenmetal forms a fine
mist. When these mist droplets cool down, they are in powder form. These particles need to
be flattened; this is done by a series ofmilling operations, grinding the particles until they
are flakes. These are called "corn flakepigments"in the industry because the shape
resembles corn flakes with their rough edges. These "corn flakepigments"are
manufactured from irregularly shaped atomized powder particles. If the atomized particles
take a symmetrical spherical form, the resulting pigments are rounder and are called "silver
dollars"
(Eckart, 2006b).
VacuumMetallized Pigments. Vacuummetallized pigment (VMP) manufacturing
is different from conventional pigment manufacturing. The process begins with the
application of a release coating to a carrier substrate, such as polyester. Aluminum is then
applied to the coating via physical vapor deposition. The carrier substrate with the release
coating and aluminum layers is then taken to a solvent bath, where the release coating is
dissolved, releasing the aluminum coating to the solvent. The final step is collecting the
metal from the solvent and sizing it to the desired size.
Even the smoothest silver dollar conventional pigments have some topographical
variation in their pigment surface. When light hits the surface, it will scatter more or less,
depending on the amount of topographical variation. With VMP pigments, the pigment
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surface is very smooth, making the light reflect without scattering. Electron-micrographs
comparing conventional "corn
flakes"
to VMP pigments are displayed in Figure 7, where
the difference in surface topography is evident.
Conventional aluminum flakes VMP aluminum flakes
Figure 7. Comparison of conventional and VMP pigments
(Source: Eckart, 2006)
VMP pigments also form a more uniformmetal surface in the ink layer, causing
less light scattering, as illustrated in the electron-micrographs and schematic illustrations in
Figure 8.
VMP ink
V
. v
i~s"
* -itiM
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Ink with conventional pigments
Figure 8. Comparison of ink with conventional and VMP pigments
(Source: Eckart, 2006)
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EmbossedVacuumMetallized Pigments. Themanufacturing of embossed vacuum
metallized pigments, EVMP, is very similar to the manufacturing ofVMP pigments. With
EVMP, the release coating layer is embossed using laser technology, before the aluminum
is applied using physical vapor distribution. From there on, themanufacturing process is
the same as with VMP. EVMP pigments have the same characteristics as VMP pigments
when it comes to particle characteristics. The major difference is the micro-embossed
pattern in the pigment surface, which gives the pigment holographic characteristics, giving
the metallic shine a rainbow effect in the finished product (Eckart, 2006b).
Particle Size and Shape
The relationship between particle size and various metallic properties is
straightforward. As particle size increases, so does the brilliance effect. This is because,
there are more uniform surfaces to reflect tight on larger particles, and there is less of a
chance of the tight hitting the particle edge, which causes scattering of light. When particle
size increases, the halftone dot definition capabilities decrease. This is because, with larger
particles it is harder to image the smallest image details. The pigment coverage ability also
decreases as the particle size increases. This is because with larger particles it is more
difficult to fill in the smaller
"gaps." There is no perfect pigment particle size; the right
balance between brilliance and dot definition/coverage should be considered for each
application (Eckart, 2006b).
Particle shape also has an effect. The conventional pigments are not as smooth as
the "silver
dollars,"
which are also larger in diameter. The "silver
dollars" have excellent
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metallic properties, but due to their size, the halftone dot definition and coverage is inferior
to conventional pigments. The same is true for VMP pigments; their excellent metallic
properties are counter-balancedwith decreased halftone dot definition capabilities (Eckart,
2006b).
PigmentClassifications
Leafing and Non-Leafing. One way to classify conventional pigments is between
leafing and non-leafing pigments. Leafing pigments have poor wetting capabilities; thus,
they
"float"
to the top of the ink filmwhen drying, creating a brilliantmetallic shine. This
is because the flat pigments and the way they are oriented forming amore uniformmirror
like surface to reflect tight. Non-leafing pigments do not have this property, and they are
dispersed evenly within the ink. This effect is illustrated in Figure 9. When coating the ink
layerwith a lacquer, the pigment properties also come into play; lacquers adhere poorly to
inks with leafing pigments, while the adhesion is good to non-leafing inks (Eckart, 2006b).
t^-'
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Leafing Non-leafing
Figure 9. The difference of leafing and non-leafing pigments in an ink layer
(Source: Eckart, 2006)
Use ofMetallic Inks
Metallic pigments are present everywhere from car paints to metallic inks in
packaging to cosmetics. Metallics are used to attract attention and to make the product
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stand out from thecompetitors'products. Consumers oftenmake the decision to buy or not
to buy an item in split seconds, and if the item stands out, it has more of a chance to be
purchased. Consumers often do not even realize that the everyday products that they see at
grocery stores are products that have been tailored to attract their attention. For example,
Shamrock Farms has been paying special attention to the packaging design of their
products, and they have been usingmetallic inks as a part of their strategy to make
consumers notice and buy Shamrock Farms ice cream, rather than their competitor's brand
(Petrak, 2003; Pianoforte, 2005).
The metallic effect can be achieved three ways in printing: foil stamping, printing
withmetallic inks, and usingmetallic paper. In addition, applying metallic powder to a
surface can achieve the desired effect. Foil stamping gives excellent metallic effect and
coverage, but is only cost-effective in relatively small areas. In addition, foil stamping is
not suitable if the metallic area needs to be printed on, in which case, usingmetallic papers
would be the best option. Using metallic inks gives most freedom because there is no
additional equipment needed, andmetallic inks can be used in printing presses inline
whenever needed. The most advanced inks today can create foil-like effects (Sharon, 2003,
2004; Pianoforte, 2005).
One way to produce metallic effects without using actualmetallic ink is to print a
silver image first, then print with process colors on top of it. This technology is called
MetalFX, and it has becomemore andmore popular in the US in the past few years. The
major advantage to this system is that virtually unlimited metallic colors can be printed in
the same press runwithout the need for all kinds of different shades ofmetallic ink (Anon,
2005; Lenz, 2005, Pianoforte, 2005).
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In the printing world, metallic effects are predominately used in packaging
printing, but using metallic effects as finishing touches is very common in all areas of
printing (Pianoforte, 2005). One specialty printing area worth mentioning is printing
electronic circuits using metallic inks. Currently the most common printed electronic
application in use is RFID tags, where metallics are used to print a small antenna on
various items. New applications for printing with metallics are being discussed constantly
(Gasman, 2006; Hariharan, 2006).
Visual Effects
Metallics can create smnning visual effects that cannot be achieved by normal four-
process color printing. Printers are usingmetallics in numerous ways to enhance the printed
product's appeal, and customers are demanding more andmore, forcing the printers to find
new creative ways to use metallic inks, foils, and papers. These new ways to use metallics
and inks, in particular, have made inkmanufacturers such as Eckart shift their focus away
from being just a pigment provider to being the provider ofhigh-performance metallic inks
for the graphic arts industry (Toth, 2000).
Because of the reflective nature ofmetallic inks, they give best results when used
with a coated paper stock. Using uncoated paper makes the printed surface uneven since
ink is absorbed into the paper, resulting in reduced metallic properties. When printing
metallics on uncoated stock, the ink film thickness should be at the maximum level and the
ink/water contentminimized to avoid diminishing the metallicness. Printers also use dry
trapping and double printing as ways to increase and to enhance themetallic properties
(DiBernando, 1990; Lenz, 2004, 2005).
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Metallics in Packaging
Metallic inks and metallics have been used in packaging to make the products stand
out from their competition and to create a certain air surrounding the product Using gold
gives a sense of tradition, while using silver makes the product seem high-tech and
sophisticated. Traditionally, using foil stamping has been the preferred method, but with
today's advances inmetallic inks, packaging designers have begun to embrace them as a
viable lower cost alternative (Sharon, 2003, 2004). Specialty packaging (such as giftwraps,
creative packages for cosmetics, and gift package cartons) is one major area where metallic
inks are used. The increased use ofmetallics in packaging has also been sparked by the
development of new substrates to use - card stock paper is not the only viable alternative
anymore (Lustig 2004; Sharon, 2003, 2004).
Process Control
Controlling the print process includes various activities; a few of them are
discussed in more detail below. Process control is essential if the final printed piece is to
match the original design or proof.
ColorManagement
All devices used to capture and output images have their own characteristics, and
expecting them to interpret color information identically is a lost cause. Previously, this
problemwas solved by working in closed-loop color control systems with a fixed
workflow. The operator knew the characteristics of each device and could make the
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necessary adjustments. But with the number of devices increasing, this kind of system is no
longer viable (Sharma, 2004).
Open-loop colormanagement is based on a centralized connection space, a
"common language" that all devices understand This makes it possible for a large number
of devices to cornmunicate with and to understand each other. Each input and output device
is given a profile that describes the device's unique characteristics, relative to the profile
connection space, where the other devices can interpret it (Sharma, 2004).
Colormanagement is importantwhen printing because what the designer sees on
the screenmay not be what is going to come out of the printing press in the end. Managing
device profiles is needed when setting up a proofing system. In soft proofing, the monitor
is adjusted so that it simulates the printed end result, and in hardcopy proofing, a proofer or
a desktop printer is configured to act like the press by loading the press profile onto the
system (Sharma, 2004).
Controlling the Press
When running a multicolor press, it is vital to get the different colors to align on top
of each other perfectly ; this is done by controlling the registration. Virtually all print jobs
have registrationmarks (thin crosshair patterns) on their non-image areas near the edges of
the substrate. There is a pattern for each sub-color, and if they print exactly on top of each
other, only one pattern is observed. If several crosshairs are seen, the press can be adjusted
bymoving the plate or plates that need adjusting. Registration control is the same, no
matter what kind of inks are used.
18
Once the print job is in register, the color densities should be observed. Usually,
there is a proof with known density values that the press operators can use as a target point.
In addition to relying on registration marks, print jobs usually feature test targets for color
accuracy control. Manual systems have the operator take samples from the press while it is
ninning, then measure the densities from the color patches. If they are not within a certain
acceptable range, the corresponding ink keys are adjusted accordingly, then the
measurements are repeated until all the density values (i.e., all colors that the press prints)
are within the accepted range. Some more sophisticated systems have closed-loop process
control for both registration and densities, where the controlling system samples the print
run at constant intervals, then self-adjusts to a defined goal, based on that information.
When usingmetallic inks, densitometry is not very reliable formonitoring inking levels
accurately, and process controlling the press run becomes more difficult.
Proofingmetallics
Inkjet technology is commonly used for generating proofs of the print job before
running it on the press. However, metallic inks cannot be used with ink jet technology
because the pigment particles would clog the ink jet nozzles. Anothermethod ofproofing
is soft proofing on amonitor, where the finalized print product is simulated on the monitor
using color profiles to produce a color match. But soft-proofing metallics has its own
problems because simulating metallic shine and effects on a monitor is difficult, if not
impossible. By viewing a metallic color on a monitor it takes away the effect of the surface
changing depending on the viewing angle. One of the onlymethods for generating press
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proofs with metallic inks is thermal transfer technology. Issues with proofing metallics are
further discussed in the following section.
Real Life Applications
To find out how these issues with process controllingmetallics are dealt with in
real life, the researcher interviewedMr. CalvinCurtice, Senior Application Engineer at
Eastman Kodak (personal communications, February 23, 2007). Mr. Curtice has been
working with the KodakApproval proofing device and deals with customers wanting to
proof packaging prints that have metallics on them. Proofing metallics cannot be done with
ink jet, because the pigments clog the ink nozzles. Approval uses thermal transfer
technology and is capable ofproofing metallics. (Eastman Kodak, 2007)
The KodakApproval includes six process colors: cyan, magenta, yellow, black,
orange, green, and blue; to achieve metallic effects, a silver ink is also used. To achieve the
desiredmetallic effect and color, the silver is printed first, then the process colors are
printed on top of it. The device is capable ofmaintaining the halftone dot; thus, the final
result looks as if it were printed with a press. If the customerwants extra metallic
reflectance, it is possible to print the silver twice, and if the reflectance needs to be toned
down, adding a little black often results in the desired effect. (C. Curtice, personal
communications February 23, 2007; EastmanKodak , 2007)
When proofing metallics, matching the proofs to press sheets is done visually.
According toMr. Curtice, there are no standard guidelines in place for the visual
inspection, thus making matchingmetallics tricky. Sometimes customers try to match the
proof to the press sheet with the help of colorimetric readings and densitometry, but with
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metallics, these methods do not work that well. Visual inspection takes place in viewing
booths, and the customers often inspect the proof inmultiple angles, due to themetallic
shine effect. Having some sort of standard for the viewing conditions and instructions for
proofmatching would simplify the process significandy.
Customers pay attention to both the metallic shine and reflectance, and the metallic
color. The reflectance is observed when viewed at an angle, while the color is observed and
matched when viewing the proof at a 90 degree angle. Mr. Curtice said that often, the
customers "are asking for the impossible", and they have to compromise with either the
desiredmetallic color, or the metallic reflectance and shine.
Conclusion for literature review
In the graphic arts industry, metallic inks are used predominandy in packaging due
to the visual effects achieved. Metallics make the product stand out from the masses.
Copper and aluminum are the most commonmetals used in pigment manufacturing. Not all
metallic pigments are alike, and the differentmanufacturing processes give the different
types ofpigments specific characteristics. Particle size and shape also have an effect on the
pigments
'
characteristics. The end use of themetallic ink determines what type ofpigment
works best.
When printingwithmetallics process control is not as simple as it is with using
only normal process colors. Methods such as densitometry and colorimetry are not as
accurate, due to the metallic pigments reflecting light. There is no standard in place in the
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graphic arts industry for viewing metallic prints and matching them to proofs; much relies
on visual inspection and the customer's demands.
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Chapter 4
Research Questions
To the researcher's knowledge, themicro-goniophotometer has not been used in
analyzing metallics before. There are many interesting topics to approach in this research;
however, getting to know the device's limitations, behavior, and range when used for
measuring metallics is the main area of focus. This study is an exploratory study, intended
to get preliminary insight on how themicro-goniophotometer analyzes metallic print gloss.
Experiment 1: Detecting Difference between Sampleswith a Large Visual Difference
Given two samples that are visually very different and have differentmetallic
properties, can the device detect the difference, and if it can, how does the difference show
up in the data?
Experiment 2: DetectingDifference between Sampleswith a Small VisualDifference
Given that themicro-goniophotometer can detect a drastic visual difference in
metallics, if it is used to measure two very similar samples, how small a difference would it
be able to detect and how would the difference show up in the data?
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Chapter 5
Methodology
The researchmethodology is based on the use of a specialmicro-goniophotometer,
developed by Dr. Jon Arney from the Chester F. Carlson Center for Imaging Science at
RTT. The device can be used to measure gloss of various substrates. Previous research
using this device has been done inmeasuring and comparing the gloss of different coated
substrates (Arney& Heo, 2004), but never before with metallic prints.
Simple gloss-meters measure just at one angle of incident tight In order to obtain a
gloss reading at continuously changing angles across the sample surface, three approaches
can be taken. The firstmethod is to move the light source across the sample surface. The
second method is to move the camera across the surface. The thirdmethod, the one used in
this study, is to keep the tight source and the camera stationary, and to wrap the sample
which is to be measured around a round cylinder, so that a large range of angles are
captured in a single image by the camera. The camera is used to capture two images - one
with the polarizers parallel and the other one with the polarizers crossed (Arney, 2006a,
2006b). The principles and geometry of the device are illustrated in Figures 10 and 11.
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Camera Capture 2 images
Light
Source
Cylinder
Figure 10. The setup of the micro-goniophotometer
(Source: Arney 2006a)
ample
Figure 11. The geometry of the micro-goniophotometer
(Source: Arney, 2006a)
TheDevice Setup
The micro-goniophotometer used in these measurements is butit using a digital
camera with a long objective lens, a verticalmetal cylinder to mount the samples, and a
light source to iUuminate the sample surface. The sample is mounted on a vertical cylinder
(diameter = 4.6 cm) using electrical tape, clamps, or some other way to wrap the sample
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tightly around the cylinder without damaging the sample, as shown in Figure 12. The
cylinder diameter is large enough so that the samples, often times coated, are not damaged
by cracking when being wrapped around the cylinder.
Figure 12. Bronzed sample mounted on the vertical cylinder
In this experiment, the sample mounting cylinder is at a 5.5 inch distance from the
polarizers, and the light source is 3 inches away at an approximately 20 degree angle. The
device geometry is shown in Figure 13.
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Figure 13. Themicro-goniophotometer setup, as seen from above
The Camera and the Polarizers
The camera, Nikon D50, has a long objective attached to it, in order to provide the
required magnification. One polarizer is mounted between the lens and the sample and the
other one is attached to the light source. The polarizer in front of the tight source is fixed
and the one in front of the lens can be rotated 360 degrees. The polarizer that is attached to
the tight source polarizes the incident tight and based on the position of the second
polarizer, as well as how the polarization changedwhen hitting the sample, all or no tight
passes through the second filter. The problemwith this arrangement is that there are no
predefined positions for the camera polarizer; the rotation is seamless and is done by hand
There are markers that help with the alignment, but the accuracy of the positioning varies,
depending on who operates the device. The polarizer positioned in front of the camera lens
is shown in Figure 14.
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Figure 14. The polarizermounted in front of the camera
lens
The camera exposure time is controlled on a computer interface by changing the
shutter speed, as shown in Figure 15. The control is a slider scale with pre-defined steps,
ranging from 25 seconds to 1/4000 second. The picture is captured using the computer
interface, as well; there is no need to touch the camera itself. The aperture control is located
in the camera lens and is donemanually. There is no scale in use, so an aperture setting is
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selected before the measurements are taken, and then that setting is kept constant
throughout the experiments.
Nikon Capture Camera Control
File Camera Settings Tools Help
The D50 is connected.
Images captured by this camera will bypass the Memory card and be downloaded
directly to the computer until this window is closed.
Hide Camera Controls Download Options...
__]
Enable controls on the camera body
Exposure 1 Exposure 2 Storage Mechanical Image Processing
Exposure Mode: Manual
Shutter Speed: f!31 -i
<
__J
1/15 sec
Aperture: f/~
Exposure Cornp.: 4 ' OEV
Flash Comp.: < \ OEV
Flexible Program: < r - OStep(s)
AF arid ..hoot Shoot
Figure 15. Nikon D50 Camera Controls
Once captured, the images are stored on the computer at the location that is set in
the capture settings. The captured images are renamed and labeled to identify the polarizer
position and the sample used. Before image capture, a custom curve is loaded onto the
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system via "Download The custom curve gives the resulting images a gamma of
1, making them radiometrically as correct as possible by forcing a linear relationship
between the input light intensity and the output pixel values.
Measurement Procedure
The micro-goniophotometer is used to capture two images. The first image is
capturedwith the polarizers parallel, showing the specular and bulk reflectance. Then the
polarizer in front of the camera is turned 90 degrees, so that the polarizers are crossed and
the image is captured again, now showing only the bulk reflectance. This is so because the
bulk reflectance, i.e. the light that penetrates the sample and re-emerges, gets depolarized in
the process while the specular reflectance, i.e. the tight that reflects off the surface, remains
polarized. To place the polarizers parallel, the marker is aligned with the 0 mark on the
scale, andwhen the polarizers are crossed, it is rotated so that the marker aligns with the 90
degree mark on the scale. The polarizer scale is shown in Figure 16.
Figure 16.The polarizer scale
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Exposure Control
The exposure time is controlled during the parallel polarizer phase so that the
resulting image has no over-exposed pixels in it The captured image is opened in an image
editing software, and the pixel levels are examined. Checking for over-exposed pixels is
done separately for the red, green, and blue channels of the image. Even if the combined
image has no over-exposed pixels, the different sub-channels might have them. In this
experiment ImageJ , is used for all image editing and inspection purposes. ImageJ is a
free, open source image editing software by the National Institute ofHealth and available
for any platform from htro://rsb.irdo.nm.gov/ii/index.html . A view ofhow the image split
is done in ImageJ is shown in Figure 17.
Figure 17. Screenshot of ImageJ
If there aremore than five pixels with the value 255, chances are that they are over
exposed and the image has to be recaptured with a shorter exposure time. ImageJhas tools
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for checking the image pixel values. One method is to inspect the image histogram, which
shows how the image pixel values are distributed. The image histogram, shown in Figure
18, has 106 pixels with the value 255, so it is severely over-exposed and needs to be
recapturedwith another exposure time setting. Having over-exposed pixels present causes
data loss because the detail differentiation is lost in the highlights. Once none of the image
separations contain over-exposed pixels, the separated image files are labeled and saved.
Histogram of Img0085
300x240 pixels; 8-bit; 70K
r!li_0lt3
Count: 1504000
Mean: 24.568
StdDev: 33.966
Min: 0
Max: 255
Mode: 4 (162505)
List Copy Log
Value: 255
Count: 106
Figure 18. Image histogram in ImageJ
Image Data Analysis
When the best exposure setting is found the captured images are entered into a
program running inMathcad; this programwas developed by Dr. JonArney to be used
withmicro-goniophotometric measurements. The basic operation of the program consists
of entering the location of the image files, then setting the exposure time and the reference
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material measurement values; then the program outputs the BRDF curve and feature
vector, including key data analysis figures.
Before any calculations take place, the reference values have to be obtained. The
measurement analysis that takes place in the program, compares themeasured values to the
values obtained frommeasuring a known reference, making the output values relative, not
absolute.
Calibrating the InstrumentUsing a Known Reference
In this experiment, the reference is a piece of black, matte vinyl, which has been
used as a reference material in other research involving themicro-goniophotometer done in
the Chester F. Carlson Center for Imaging Science at RIT. The material was chosen
because it as a matte surface, it has a wide range of gloss angles. By using this specific
material as a reference, the obtained results are comparable to any other measurement done
with the device, on samples of anymaterial, as long as the same reference material was
used in those othermeasurements.
Measuring the reference material requires the same procedure as taking
measurements of any othermaterial. The referencematerial is wrapped around the cylinder
and imaged; after that the checking for over-exposed pictures is done on ImageJ for the
red, green, and blue channels separately. The exposure time is tweaked until the resulting
images have no over-exposed pixels, and the final images are saved.
The reference material image file locations are entered into theMathcad program,
specifying the reference area as 1. Separate calculations are made for each image channel.
After the program is finished calculating output data, the area underneath the BRDF curve
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is recorded and used as the reference area when analyzing sample images, thus comparing
all further results to the results obtained frommeasuring the reference.
Image Analysis Procedure
After the reference analysis is done, the file locations for the polarizers crossed
image and the polarizers parallel image are input into the program. This is done separately
for all image pairs - the red, green and blue channels, as well as the composite image,
using the reference information from the red, green, blue, and composite image,
respectively.
The program proceeds by subtracting the polarizers crossed (bulk gloss) image
from the polarizers parallel (all gloss) image from each other, resulting in just first surface
gloss. After this, the program performs calculations, resulting in a plot of the BRDF curve,
then outputting the key data elements regarding the BRDF curve into a feature vector. A
view of the program is seen in Figure 19.
34
* [Hi] *- J <? S_ <tf *,
My Site (*Go
Goniophotometrlc Analysis
17 June 2006
Mb a READBMP("brot_ed26_90_redt_")
Md b READBMF("bro_d26_0_d.tif") Nr m tow<Mb) Nr - 1000 Nc s cols(Mb) Nc - 1504
(1) Specify the Horizontal Held of view In millimeters: FOV = 16.8 millimeters
II
d^33 9instB 13 0
(2) Reference Area and Rl: Ai a 7 07
(3) Reference ID Number REF a 0
no a 1 Default: Ar=no=1
(4) Specify exposure constants: t a
15
3 b 800 Sc a 1 [Default: 1 . 1
1]
(7) Picture Adjustment: y a 1
ctLa-20 aRs20
ado = -27.995
Show
(A) BRDF tuvsn
Vdl..
WxRITEPRN("BRDF-silvM_green0112tit") := DAT
I 5.91
8.53
20.53
0.19
6.08
5.26
37.93
0.06
0.81
16.8
(B) Feature Vector
WxRITEPRN("Vec-SP_silver_green01 12 txt" ) := Vdat
0 A = Area relative to reference area
1 whalf = half peakwidth in degrees
2 w10 = peak width at h/10 in degrees
3 h = peak height
4 omax = stdev as % of height at peak
5 2ndmom.abt mean of BRDF.
6 Gloss as % of idealized reference peak
7 Skewness of the BRDF
8 Kurtosis =0 for a normal distribution
9 FOV in mm (horizontal)
10 Reference ID Number
v
Figure 19. Mathcad screenshot
The program outputs a gloss image, a raw data BRDF (shown on the right) and a
normalizedBRDF curve (in the bottom), where the peak height is set as 1. The core data
drawn from the BRDF analysis is the feature vector, which contains numerical descriptors
about the BRDF curve. The feature vector is shown on the bottom right as the table of
numbers. These numbers come from the BRDF curve after it has been calibrated to take the
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reference sample into consideration, but there is no visual representation of this calibrated
BRDF in theMathcad output. The numbers, such as peak height, from the feature vector
cannot be observed in the curve plots, due to different scales being used. The most
important feature vector components, related to this analysis, are listed in Table 1. In
addition to these, the feature vector contains additional parameters for describing the
BRDF curve shape.
Table 1 . Feature Vector Components
(Source: Arney, 2006b)
A Area under BRDF
W__f Width ofBRDF at half-peak
h Height ofBRDF
After the program outputs the initial BRDF curve, the curve shape is inspected and
the left and right angular boundaries are adjusted. The program calculates the area that is
between these angular boundaries. Because the BRDF curve is asymptotic, including too
much of the
"tails" in the calculation would result inmisleading results, because all of
these almost-zero areas would add up. The angular limits are chosen by the program
operator so that some of the tails are included, but not all. This is because the curve is
asymptotic and summing up all the near zero data under the ends of the tails would distort
the area measured. The choice for angular limit affects mosdy the area under the curve and
the wider the angular range, the larger the area under the curve will be. The angular limits
to be chosen are evaluated separately for each BRDF thatMathcad outputs. As an
example, in Figure 20 the angular limits are set to -20 and 20 degrees.
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Figure 20. The angular limits for this specific BRDF curve
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Chapter 6
Results
Device Calibration Using a Known Reference
The black vinylmaterial was imaged using themicro-goniophotometer and the
images were input toMathcad to obtain the reference area that is used in analyzing the
images from the other samples. Before Mathcad analysis, the captured image was separated
into the red, green, and blue channels, resulting in four pairs of images to be analyzed.
After inputting the data intoMathcad, the following results were obtained. Figures 21-24
show the images thatMathcad has calculated by subtracting the bulk reflected light image
(polarizers crossed) from the all reflected tight image (polarizers parallel).
Figure 21. Reference sample composite image gloss
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Figure 22. Reference sample red channel gloss
Figure 23. Reference sample green channel gloss
Figure 24. Reference sample blue channel gloss
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As seen in Figures 21- 24 , there is remaining gloss in the left and right edges of
the image, signifying that the device cannot capture the entire angular range of this specific
reference material. The device can only capture a range of +/- 30 degrees, and the
reflection from this material takes place at a wider range. This means that the area under
the BRDF curve is not complete and does not give the real area. The BRDF curves, as
output by Mathcad, are shown in Figures 25-28.
0.04
<Xi,Xb
Figure 25. Reference sample composite image BRDF
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Figure 26. Reference sample red channel BRDF
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Figure 27. Reference sample green channel BRDF
0.04
0.03-
V
0.02
0.01 -
aj.Xb
Figure 28. Reference sample blue channel BRDF
Othermicro-goniophotometer setups built in the laboratory have different angular
ranges, and the referencematerial has been used with all of them. The angular range
depends on the cameramagnification capabilities, as well as the diameter of the cylinder.
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By measuring the reference material in a device that has a wide enough angular range to
capture all of the reflected tight, one obtains a better estimate of the area under the BRDF
curve. Because the device used in this experiment can only capture between -30 and 30
degrees, the area under the "correct" BRDF curve, between these angles, is calculated from
measurements done with another instrument. This is done by measuring the sample on this
other instrument and then defining the angular ranges as -30 and 30, and comparing that
area to the one obtained with the entire range and from this comparison a correction factor
is obtained. Figure 29 illustrates this relationship.
Figure 29. Area between -30 and 30 degrees, compared to the entire curve area
In this case, the correction factor is 1.9, meaning that the entire area under the curve
is 1.9 times bigger than the area just between -30 and 30 degrees. All the areas obtained
frommeasuring the reference material are multiplied with this number, before being used
as the reference area in othermeasurements. This compensates for the loss of detail due to
limitations in the angular range. The measured and corrected areas are presented in Table 2.
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Table 2. Reference areas measured and corrected
Areameasured Areameasured x 1 .9
Composite image 2.39 4.54
Red 2.13 4.04
Green 2.46 4.67
Blue 2.11 4.01
In all of the image analysis procedures done inMathcad, these corrected reference
areas are used as the area which to compare the corresponding sample image data to (for
example the red reference area being used with the red channel images.)
Presenting the Results
The measurement results are presented for both experiments (page 22) using the
same structure. The results for the composite image, red, green, and blue channel are
grouped together, so that each group compares the two samples accordingly.Within each
group, the results consist of gloss images and BRDF comparisons. Each group has two
gloss images, one for each sample. The BRDF curves are presented in two different
figures. The first figure shows the BRDF curves from compared samples in the same scale,
so that the curve sizes can be compared visually. The same scale is used for all of these
BRDF comparison curves (for the different channels and the composite image) within each
experiment, so that the reader has a way to visually compare the results from different
channels. The second BRDF curve shows the two curves normalized tomaximum peak
height of 1, so that the curve shapes can be compared.
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Detecting Difference between Sampleswith a Large VisualDifference
To determine how the micro-goniophotometer behaves withmetallics, two visually
very different samples were measured. The first sample was a silvery color, possibly coated
with a lacquer, while the other one was a golden bronze colored one with no additional
coating. The silvery sample had very fine pigments, while the bronze one had very coarse,
larger pigments. The silvery sample was printed, while the bronze sample was bronzed, as
in dustedwith bronze powder, and is not actually printed, thus making the samples differ in
color, pigment size, and coating. The samples are referred to as
"silver"
and
"bronzed"
throughout the document. The analysis resulted in four pairs of gloss images to be
compared, as well as four pairs of feature vectors and BRDF curves.
Composite Image
The specular gloss images, as output byMathcad, for the composite image are
presented in Figures 30 and 31.
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Figure 30. Silver sample composite gloss image
Figure 31. Bronzed sample composite gloss image
The gloss images are visually very different, which is to be expected because of the
different surface structure and difference in coating. The silver image has the gloss
"focused,"
whereas the bronzed image has the gloss spread out over a larger area. This
same visual difference is observed in the red, green, and blue separations, as well. The
BRDF curves are compared in Figure 32, and Figure 33 shows the curves normalized to the
same scale. The key feature vector elements from these two BRDF curves are presented in
Table 3.
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Silver vs. Bronzed, composite image
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Figure 32. BRDF comparison of the silver and bronzed sample,
composite image
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Figure 33. Normalized BRDF curves, stiver and bronzed
sample, composite image
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Table 3. Feature Vector Comparison, composite image
Silver Sample Bronzed Sample
Area 11.0 4.7
W__f 4.3 9.5
h 0.56 0.14
The stiverBRDF curve in Figure 32 shows a sharper peak than the bronzedBRDF
in Figure 30, supporting the visual observation. The sharper and narrower the peak, the
more
"focused"
the gloss is. The silver sample also has a larger area under the BRDF
curve, meaning thatmore tight is reflected and that it is glossier. Having the bronzed curve
be wider is also consistent, because a wider curve means that the gloss is more evenly
distributed and that the gloss peak is not as distinct. While the bronzed sample does have a
distinguishable peak, it is not as
"sharp"
as with the silver sample.
Red Channel
The specular gloss images, as output byMathcad, for the red channel separation of
the samples are presented in Figures 34 and 35.
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Figure 34. Silver sample red channel gloss
Figure 35. Bronzed sample red channel gloss
The same difference in surface structure can be observed from the red channel
images, as well. Because the bronzed sample is very reddish, the red channel is the
strongest among the different separations. The BRDF curves are compared in Figure 36,
and the curves normalized to the same scale are presented in Figure 37. The key feature
vector elements from these two BRDF curves are presented in Table 4.
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Figure 36. BRDF comparison of the silver and bronzed
sample red channel
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Figure 37. NonnalizedBRDF curves, silver and bronzed sample
red channel
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Table 4. Feature Vector Comparison, red channel
Silver Sample Bronzed Sample
Area 12.4 10.34
W__f 3.5 8.5
h 0.69 0.33
The red channel is the dominant one with the bronzed sample, the obtained values
being significandy higher than with the composite image. When the composite image has
the bronzed area be roughly 50% less than the silver area, here the difference is
significandy less. Figure 36 shows that the curve shapes are nearly identical, except for the
sharp peak. The small difference in shape is apparent in Figure 37, which shows the
bronzed sample still having the reflected tight spreadmore evenly across the range of
angles.
Green Channel
The specular gloss images, as output byMathcad, for the green channel separation
of the samples are presented in Figures 38 and 39.
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Figure 38. Silver sample green channel gloss
Figure 39. Bronzed sample green channel gloss
The bronzed sample seems to have less information in the green channel than the
silver image has, judging by evaluating the pixel brightness values visually. This is due to
the color of the samples. Silver is a neutral color, having the different channels be the same
intensity, while the bronzed sample is reddish in color, having the red channel dorninate.
The BRDF curves are compared in Figure 40 and the curves normalized to the same peak
maximum height are presented in Figure 41 . The key feature vector elements from these
two BRDF curves are presented in Table 5.
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Figure 40. BRDF comparison of the silver and bronzed sample
green channel
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Figure 41. Normalized BRDF curves, silver and bronzed sample
green channel
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Table 5. Feature Vector Comparison, green channel
Silver Sample Bronzed Sample
Area 10.9 3.2
W__f 4.4 10.8
h 0.54 0.09
The bronzed sample does not have a very distinct peak; the gloss is more scattered.
The area of the bronzed sample is approximately one-third of the silver sample, and the
peak height is about one-sixth of the silver sample peak height. The shapes are also
significandy different, the bronzed sample beingwide and short, the silver one narrow and
tall. The silver sample gives a very smooth BRDF curve, but the bronzed sample curve has
amplified noise closer to the tails of the peak. This noise is clipped out before making area
calculations by setting the angular limits, thus making the data in Table 5 be comparable to
the other data from this experiment.
Blue Channel
The specular gloss images, as output byMathcad, for the blue channel separation of
the samples is presented in Figures 42 and 43.
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Figure 42. Silver sample blue channel gloss
Figure 43. Bronzed sample blue channel gloss
The bronzed sample blue channel image is severely under-exposed; there is hardly
any data with these exposure settings and the resulting analysis data is incoherent and
mostiy just noise. It is thus discarded from further analysis and comparisons. When this
effect was noticed when conducting the measurements, a longer exposure time was
experimentedwith, but that resulted in over-exposure of the red channel. The blue channel
BRDF curves from the silver and bronzed samples are presented in Figure 44. The key
feature vector elements from these two images are presented in Table 6, with no data being
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extracted from the bronzed sample blue channel separation, due to the data being unreliable
andmeaningless and filled with noise.
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Figure 44. BRDF comparisons of the silver and bronzed sample,
blue channel
Table 6. Feature Vector Comparison, blue channel
Silver Sample Bronzed Sample
Area 10.7 n/a
W__f 5.3 n/a
h 0.47 n/a
The bronzed sample blue channel information being corrupt is evident from the
BRDF curve, as seen in Figure 44. Compared to the silverBRDF, there is no peak, and the
curve shape is nowhere nearwhat it is supposed to be. There is also a large amount of noise
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present, causing the
"spikes" in the beginning and end of the angular range. Presenting the
two curves side-by-side, noimatized to the same peak height, would not give any additional
new information.
Detecting Difference between Sampleswith a Small VisualDifference
For the second set ofmeasurements, a bronze sample, which had a coating applied
to halfof the sample area was chosen. The difference between the coated and uncoated area
was visually distinguishable. The sample had a middle range pigment structure, being
neither very fine nor very coarse. The measurements resulted in four pairs of images to be
compared, as well as four pairs of feature vectors and BRDF curves.
Composite Image
The specular gloss images, as output byMathcad, for the composite image are
presented in Figures 45 and 46.
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Figure 45. Coated sample composite image gloss
Figure 46. Uncoated sample composite image gloss
The gloss images do not look drastically different; this same issue is observed for
all of the color separations. The BRDF curves are compared in Figure 47, and Figure 48
shows the curves normalized to the same maximum peak height. The key feature vector
elements from these two BRDF curves are presented in Table 7.
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Figure 47. BRDF comparisons of the coated and uncoated
samples, composite image
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Figure 48. Normalized BRDF curves for the coated and uncoated
samples, composite image
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Table 7. Feature Vector Comparison, composite image
Coated Uncoated
Area 4.7 5.2
Wh_f 7.9 8.9
h 0.15 0.15
In both images, the curves appear to be nearly identical, however the small
difference that can be detected cannot be distinguished from noise. The numerical data
extracted from the feature vectors shows someminor differences; the numbers for the
uncoated sample being slighdy higher overall than the numbers for the coated sample.
Because the results are based on only one measurement, it is impossible to distinguish the
difference between the coated and uncoated sample from experimental error and noise.
However, this behavior can be explained by the coating. There is no knowledge ofwhat the
coating actually is, but if it absorbs and scatters tight a bit, thatmay contribute to the
numbers being lower for the coated sample, with the coating being the only difference
between the two samples. This same trend is also be observed with the color separations.
Red Channel
The specular gloss images, as output byMathcad, for the red channel separation of
the samples are presented in Figures 49 and 50.
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Figure 49. Coated sample red channel gloss
Figure 50. Uncoated sample red channel gloss
The red channel is the strongest one from the separations, due to the sample being
bronze and thus having a reddish color. There does not seem to bemuch difference
between the two gloss images. The BRDF curves are presented in Figure 51, and Figure 52
presents the BRDF curves normalized to the same maximum peak height The key feature
vector elements from these two BRDF curves are presented in Table 8.
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Figure 51 . BRDF comparison of the coated and uncoated
samples, red channel
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Figure 52. Normalized BRDF curves for the coated and uncoated
samples, red channel
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Table 8. Feature Vector Comparison, red channel
Coated Uncoated
Area 8.9 9.6
W__f 9.2 9.2
h 0.26 0.29
When compared with the composite image curves in Figure 47, Figure 51 shows
the red channel having a much higher peak. This is due to the color of the sample. While
the curves in Figures 51 and 52 are very similar, there is some difference that can be
detected. The peak is sharper with the coated sample thanwith the uncoated sample. The
same trend of the numbers being slightiy higher for the uncoated sample continues with the
red channel, as well.
Green Channel
The specular gloss images, as output byMathcad, for the green channel separation
of the samples are presented in Figures 53 and 54.
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Figure 53. Coated sample green channel gloss
Figure 54. Uncoated sample green channel gloss
Visually there is not much difference between these two gloss images, besides the
coated sample seeming to have the gloss slightly more focused. The BRDF curves are
presented in Figure 55, and the curves normalized to the same maximum peak height are
presented in Figure 56. The key feature vector elements from these two BRDF curves are
presented in Table 9.
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Figure 56. NormalizedBRDF curves for the coated and
uncoated samples, green channel
64
Table 9. Feature Vector Comparison, green channel
Coated Uncoated
Area 3.5 3.8
W__f 6.7 8.5
h 0.12 0.12
The curves look very identical, and they even have similar noise patterns towards
the tails. The noise patterns are there because, due to the sample color, the exposure
settings were set to avoid over-exposing the red channel, resulting in the green and blue
channels being almost under-exposed. The peak heights are identical, but the uncoated
sample curve has a slighdy larger area. However, the difference inmagnitude cannot be
distinguished from noise, based on just one measurement
Blue Channel
The specular gloss images, as output byMathcad, for the blue channel separation of
the samples are presented in Figures 57 and 58.
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Figure 57. Coated sample blue channel gloss
Figure 58. Uncoated sample blue channel gloss
Visually, there is notmuch of a difference in the gloss images, except for the half-
peak width boundary lines thatMathcad outputs. The BRDF curves are presented in Figure
59, and Figure 60 contains the BRDF curves normalized to the same maximumpeak
height. The key feature vector elements from these two BRDF curves are presented in
Table 10.
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Figure 60. Normalized BRDF curves for the coated and
uncoated sample, blue channel
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Table 10. Feature Vector Comparison, blue channel
Coated Uncoated
Area 2.1 2.2
W__f 4.8 9.7
h 0.08 0.06
The blue channel separation is noticeably the weakest of the separations, the peak
height being only a fraction of the peak height of the red channel. While the other
separations have the curves be nearly identical, here there is a distinct difference in curve
shape between the coated and uncoated samples. The coated sample BRDF curve shape is
very unique. However, because of the problems with the bronzed sample blue channel
separation, and this sample being bronze as well, the difference in curve shape could be
just a result of the image being nearly under-exposed. In any case, the researcher cannot
determine the difference to be something else than just experimental factors and noise.
68
Chapter 7
Summary and Conclusions
Capabilities of the Device
Detecting Difference between Samples with a Large Visual Difference
In general, the silvery sample with finer pigments resulted in a smooth BRDF
curve, with a narrow sharp peak. The grainier bronzed sample with largermetallic particles
produced a BRDF curve that had a "duller" peak and was not as smooth. These differences
in curve shape correlate with the visual difference.
The results clearly show that themicro-goniophotometer is capable of telling apart
the two samples used in this experiment. Besides the gloss images showing the differences
in surface structure, the numbers and the BRDF curve also display distinct differences.
However, without repeatedmeasurements, it is difficult to tell justwhat kind ofdifference
the numbers present.
DetectingDifference between Samples with a Small Visual Difference
The data from themeasurements demonstrated a small difference between the
coated and uncoated sample, with the uncoated sample having consistendy higher numbers
than the coated one. However, without repeatingmeasurements there is no estimate of
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experimental error, and therefore it is not possible to know whether the small differences
are significant
The sample used in this measurement had the difference between the coated and
uncoated areas visually distinguishable, but the difference was not large. Perhaps with a
different sample, with coarser and larger pigments, there would be different results. This is
because visually, the coating has more effect when applied over larger pigments. The
coatingmakes the surfacemore uniform and fills in the gaps between the large pigment
particles, while with smaller pigments, the surface is already relatively smooth and
applying a coating does not have that big of an effect on the surface smoothness.
Issues with theMethodology
Polarizer Setup
The polarizer setup used in the experiment featured one stationary polarizer
mounted in front of the light source and another one that could be rotated freely, mounted
in front of the camera lens. The problem with this setup is that there was no sure way to
know the position of the stationary polarizer and whether the angles 0 and 90, alignedwith
themarker, reallymeant that the two polarizers were parallel and crossed, respectively.
Without doing an experimentwith rotating the polarizer and taking images every few
degrees and observing the image output from each position, it is impossible to tell the
exact position. In this experiment, the researcher trusted that rotating the
polarizer in relation to the alignment marker was sufficient, and was only aware of this
potential problem after all themeasurements had beenmade.
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Exposure Time
Another issue with the methodology that could be improved is the exposure time.
The software that came with the NikonD50 camera only allowed the exposure time to be
changed in set intervals, not continuously. With some of the samples, this caused problems,
when one exposure time caused under-exposure on the blue channel, then the next
exposure time caused over-exposure on the red channel. One otherway to correct this
would have been to define the exposure times separately for each channel, but this would
have introduced some inconsistency in the data, because the analysis included the
composite image, as well.
Aperture Setting
In this setup, the camera aperture was adjusted by hand, there was no scale to
inform what the aperture size was at different positions. Because of this, the aperture was
set to some unknown value, and it was never touched throughout the experiments after that.
Because the image exposure depends on both the aperture and the exposure time, this is a
setting that needs to be improved for further experiments. Here, if the aperture would have
been touchedwhile taking the measurements, the researcher would have had no way to set
it to the previous setting, because there was no scale in use for aperture control.
Device Geometry
The device geometry, as illustrated in Figure 1 1, leaves some unanswered questions
that emerged after themeasurements had beenmade. According to Figure 11, the tight
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source and the camera are directed at the center of the cylinder. However, from the
measurements it is uncertain whether the tight source and the camera is really directed
towards the center, or are they directed towards the imaging point on the cylinder surface.
Another issue with the device geometry is the angle between the camera and the tight
source, and whether it is a specific angle, or just some angle thatmade the device building
easier.
Suggestions for Further Study
Due to the exploratory nature of this project the extracted data alone did not give
enough information on how exacdy a micro-goniophotometer could be used to help
develop a tool formetallic print process control. However, the results from this experiment
were insightful and justify using the micro-goniophotometer for future experiments with
metallic prints.
RepeatedMeasurements
Due to the exploratory nature of this experiment, eachmeasurement was only
conducted once. Measuring each sample multiple times under the same conditions would
give more insight into what can be interpreted as noise, as well as what data is worth
exploringmore and could be used to further specify the device's capabilities.
72
Exposure Time Optimization for Each Channel
In this experiment one image was taken, with one exposure setting, making sure
that none of the channels had over-exposed pixels in it. However, this caused some
problems when one exposure setting was optimal for the red channel, but caused the green
and the blue one to be nearly under-exposed. This can be corrected by taking three images,
each ofwhich is optimized for one of the three channels. This would provide more
information for the BRDF analysis because no channel would be under-exposed. However,
by analyzing the channels separately without the composite image, the color information,
as in the combined effect of the red, green and blue channel, is lost. If the color needed to
be analyzed, the composite image would have to be included for color analysis only, and
not included it in the BRDF analysis at all.
Blue Channel BRDF Shape
The results frommeasuring the blue channel of the coated and uncoated samples
provided a BRDF curve shape that was unique and different from the Gaussian shapes that
the other samples and channels had. Because of problems with underexposure that were
experienced whenmeasuring the bronzed sample, as well as the signal levels being low, the
unique curve shape was not analyzed further in this experiment However, the "dented"
Gaussian shape may indicate the presence of two gloss populations, the sharp area
representing the specular gloss and the flat, spread out part the bulk gloss. Why thiswas
detected in the coated sample blue channel, and nowhere else, would be an area of further
study.
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Analyzing BulkReflectance
The basis of themethodology was separating the specular gloss component from all
captured gloss. With the metallic samples used, the bulk component was virtually non
existent because the samples did not absorb light; it either reflected off the surface or from
the metallic pigments itself. However, there was some bulk reflectance detected, the
images that were capturedwith the polarizers crossed contained data, so some tight got
absorbed to e.g. the coating.
Instead of discarding the bulk component, the presence and amount ofbulk
reflectance could maybe be used to analyze ink film thickness and paper coverage. As
discussed in Chapter 3, detecting differences in ink film thickness with metallics is visually
difficult, because after the ink film thickness crosses a certain threshold, adding more ink
does not change the appearance of the print.
If the coverage is not 100%, there are gaps ofpaper between the pigment particles
and when tight hits these gaps, it gets absorbed to the paper, re-emerges depolarized and
the camera should be able to detect this reflected light when the polarizers are crossed.
Whenmeasuring samples with different ink film thicknesses, keeping all other factors
constant, the change in the amount of diffuse gloss would be an indication of the device
detecting these tiny gaps ofpaper between the particles.
Polarization by Reflection
Light can get polarized just by reflecting off a surface. This is why polarizing
sunglasses can be used to filter away glare, which is specular reflected light. To what
extent the reflected light gets polarized, is a function of the surfacematerial, the surface
74
structure and the angle of incidence. However, in this experiment, it was assumed that the
specular reflected lightmaintains polarization after reflecting off the surface and
polarization by reflectionwas not taken into account when designing the experiments or
the device geometry (to the researcher's knowledge). In optics literature (Jenkins & White,
1957), the polarizing characteristics ofdifferent substances, such as glass andmetals are
discussed and taking this effect into consideration when improving the instrumentwould be
a whole new area of study.
Neglected Feature Vector elements
In addition to the peak height half-width and area under the BRDF, the feature
vector containedmanymore numerical descriptors. These data elements were not discarded
from this research because they were useless, they were neglected because there weren't
enough resources to analyze eveiything. Analyzing these additional data elements could
provide further insight to how a micro-goniophotometer analyzes metallic gloss.
Reflectance Factors
The reflectance factor of a material describes what fraction of radiant energy is
reflected off the surface of thematerial. The reflectance factor of the sample can be
calculated bymultiplying themeasured area with the reference material reflectance factor.
There are published values for reflectance factors for metals, and comparing these numbers
to the ones obtained from the samples through calculations, can be a metric for how
accurate the measurements are. However, the published values are wavelength-dependent
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(Jenkins &White, 1957, p. 522) and with the amount of data extracted from this
experiment sufficient informationwas not obtained to do these comparison calculations.
Resolution ofParticles
At themoment, the instrument cannot resolve the single metallic particles. If this
were possible, the reflectance from each particle could be detected separately, one pixel
representing a single particle, and this information further analyzed statistically, for
example, detennining the color of each pixel and analyzing the distribution of colors.
With resolving single particles the image sharpness and being in focus becomes crucial.
With the current device setup and measurement procedure, no checking for optimal camera
focus was made. Improving the camera system to be able to resolve metallic particles and
maintaining focus would be a requirement for this kind of analysis.
76
Bibliography
77
Bibliography
Anon. (2004). Polarization. In The Columbia Encyclopedia 6th Ed. New York: Columbia
University Press.
Anon. (2005, February). Q&A: Ways to enhance your print's appeal. Printing World, 22.
Amey, J. (2004) ResearchHighlights 2004. Retrieved September 23, 2006, from
http://www.cis.rit.edu/~isapci/01Research.html
Arney, J. (2006). The measurement of specular light. Presentation given on July 18th, 2006,
at the Imaging Science laboratory meeting.
Arney, J. (2006). Interpretation of the results of amicro-goniophotometric analysis.
Laboratory guidelines.
Arney, J.& Heo, H. (2004) A micro-goniophotometer and the measurement of print gloss.
Journal ofImaging Science and Technology, 48, 458-463.
DiBernando,A. (1990). Ink trends: Mastering metallics. American Printer, 204(4), 52.
Eastman KodakCompany (2007). Kodak Approval. RetrievedMarch 3, 2007, from
http://www.kodak.com - Graphic Communications - Proofing.
Eckart Inc. (2006). Corporate website. Retrieved September 23, 2006, from
http://www.eckartarnerica.corn
Eckart, Inc. (2006).Metallic colors in graphic arts. Presentation given on April 6, 2006 at
Eckart Inc Headquarters, Painesville, Ohio.
Gasman, L. (2006). Inks for the printable electronics market. InkMaker, 84(2), 16-18.
Georgia State University (2006). Hyperphysics - Fresnel's equations. Retrieved September
15, 2006, from http://hypeiphysics.phy-asrr.gsu.edu/hbase/phyoptyfreseq.html
Hariharan, M. (2006). Printed electronics roll off the presses. ChemicalMarketReporter,
269(5), 20-21.
Jenkins, F. A., White, H. E. (1957). Fundamentals ofOptics. New York: McGraw-Hill.
Lenz, S. (2004). FAQs: Paper and ink American Printer, 233(3), 30-32.
Lenz, S. (2005). Metallic FAQ. American Printer, 122(1), 36-38.
Lustig, T. (2004). All that glitters, for special uses. Graphic artsMonthly, 76(1), 42.
78
Murphy, D. B., Spring, K. E., Davidson,M. W. (2007). OlympusMicroscopy Resource
Center: Light and Color - Polarization ofLight RetrievedMay 11, 2007, from
http://www.olvmpusmicro.com/primer/lightandcolor/polarizedlightintro.html
Pianoforte, K. (2005). Shining through. GraphicArtsMonthly, 77(12), 22-25.
Petrak, L. (2003). More than just a pretty face. Dairy Field, 186(3), 42.
Rosenberg, A. P. (2001). Measurement and visual evaluation ofmetallic gloss ofprints.
TAGA Proceedings 2001 , p. 502-515.
Sharma, A. (2004). Understanding ColorManagement. New York: Delmar Learning.
Sharok, K. (2003). Metallic inks shine. Package Printing, 50(10), 61-64.
Sharon, K. (2004). Packaging with a touch of gold. Package Printing, 5i(10), 61-64.
Toth, D. (2000). Special printing for special effects. GraphicArtsMonthly, 72(1), 78-80.
79
